ABSTRACT Doppler beam sharpening (DBS) technology is widely used in applications, such as helicopter rescue and early warning surveillance. To obtain the desired DBS images with high quality, accurate Doppler centroid estimation (DoCE) is necessary. Conventional methods for Doppler centroid estimation based on navigational devices are sensitive to the errors of the measured motion parameters. Hence, several alternative data-depended approaches have been developed to reduce the error. In this paper, a novel data-depended Doppler centroid estimation method is proposed to improve the image quality of DBS. We begin the method by analyzing the characteristics of range-Doppler distribution in different regions of interests. Then, the edge feature of range-Doppler distribution in forward-looking direction is extracted using morphological filtering and edge detection methods. We will show that the edge feature defines the required Doppler centroid parameters, which can be utilized to estimate the Doppler centroids of the full scene. At last, the estimation error is reduced through fitting the edge with the minimum mean square error (MMSE) algorithm. As compared with conventional Doppler centroid estimation methods, the proposed method can significantly provide reliable estimation accuracy under low echo signal to noise ratio, independent of conditions that strictly required by conventional methods. Simulations and experiments verify the proposed method.
I. INTRODUCTION
Doppler beam sharpening (DBS) plays a significant role in fields of civil and military applications, such as aircraft self-landing, material airdrop, terrain awareness and avoidance [1] , [2] . Often, the DBS technique works with a scanning antenna, and stitches segmented microwave images together, which are obtained with high cross-range resolution using windowed fast Fourier transform (FFT) at each beam position. To achieve this, the knowledge of Doppler centroid is required [3] , [4] . Although the Doppler centroids can be estimated by the measured parameters, regrettably, the parameters obtained by the navigational devices suffer
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from large error as the precision of the navigational devices is usually low, resulting in the decrease of image signal to noise ratio (SNR).
To accurately estimate the Doppler centroid, several datadependent approaches using echo features in time domain or range-Doppler domain have been well developed [5] - [7] . In time domain, a correlation Doppler estimation (CDE) method is proposed based on the quantitative relationship between the Doppler centroid and the echo correlation function [8] . Compared with the measured parameters by navigational devices (MP) [9] , [10] , this method can improve the accuracy of Doppler centroid estimation (DoCE). However, the estimation is only can be applied for high SNR. When the SNR becomes low, the echo correlation function is calculated with errors, resulting in degraded precision. In [11] and [12] , a method based on Radon transform is proposed to obtain the estimated Doppler centroid using the relationship between the migration variation and the centroid frequency. However, the method is only suitable for the scene containing strong scatterers, which is the main drawback of the method.
In range-Doppler domain, a peak frequency estimation (PFE) method is proposed because the centroid frequency of a target equips the peak power with high SNR [13] , [14] . When the SNR is decreased, the fluctuation of peak power may cause the loss of the contour of the target scene. To avoid the impact of a single frequency on the estimated result, a Doppler centroid estimator based on energy balancing (EB) [15] , [16] has been proposed. This method assumes the echo power spectrum distribution within one beam is symmetrical. Therefore, this assumption is only effective to the uniform scene or a point scatterer in squintlooking region [17] . In [18] , a minimum-entropy Doppler estimator (MEDE) is proposed depending on the relationship between the DBS image entropy and centroid frequency. This method is able to enhance the scene adaptability, but it is difficult to be applied in large squint-looking region due to the sharp decline of DBS image resolution.
As the DBS usually works for large squint-looking (near on-route direction), and requires both-side imaging, the scanning scope will inevitably covers the forward-looking (on-route) direction. Historically, from the view of imaging, Doppler information in radar forward-looking direction is considered to be useless because of its symmetry of scatterers' distance history and small Doppler gradient. In this paper, we will show that, such Doppler distribution possesses notable edge feature, which defined the required Doppler centroid parameter, independent of the property of the scene, or high resolution, or high SNR. Motivated by the property, this paper proposes a Doppler centroid estimation method based on edge detection and fitting (EDF). To this end, we firstly use morphological filtering to reduce the influence of interfering scatterers. Then, edge detection operator is used to extract the distribution boundary of forward-looking scatterers at different range bins. Finally, the minimum mean square error (MMSE) fitting algorithm is used to smooth the edge. From the fitted edge, the accurate Doppler centroid parameters can be solved, which can be used to estimate the Doppler centroid of scatterers at different positions.
The rest of this paper is organized as follows. In section II, the data model of the DBS is introduced. In section III, the Doppler characteristics for forward-looking and large squint-looking imaging regions are discussed, and the proposed method is illustrated in detail. In section IV, simulations are presented to illustrate the proposed method. In section V, DBS imaging results are listed to testify the superior performance of the resulting method. Section VI contains the conclusion.
II. PROBLEM FORMULATION
The imaging geometry of an airborne radar is illustrated in Fig.1 . For the point scatterer P(τ ,θ ), the range history changing over slow time t can be described as [19] 
where R = cτ/2 denotes the initial range of the scatterer, c the light speed, τ the distance time delay, θ the initial crossrange angle, v the velocity of motion platform, and ϕ the pitching angle between the radar antenna and scatterer P. The symbol α represents the spatial angle between the radar and scatterer P, namely, cosα = cosθcosϕ. In large squint-looking direction, the range history of target P can be expanded by Taylor series. Because of the short dwelling time of scanning beam, the range history can be further approximately simplified as [20] , [21] R(t) (τ,θ) ∼ = R − cos θ cos ϕvt.
Equation (2) shows that the range history can be simplified as linear relationship over slow time in forward-looking direction. Typically, Doppler centroid f dc of a target is defined as the central frequency of the cross-range spectrum within one beam [22] . Assuming that the target is located at (θ, ϕ), its centroid frequency f dc is expressed as
From (3), we can see that the targets located at different azimuth directions equip different Doppler centroids. The targets can be distinguished by narrow band Doppler filters in range-Doppler domain, which is the basic imaging principle of DBS [18] , [23] . Generally, the parameters measured by navigational devices may be used to estimate the Doppler centroid of different azimuth. However, in practice, errors of the roughmeasured parameters will lead to a large estimation deviation, which deteriorates the image quality of DBS as the wavelength λ is quite small. To overcome this problem, this paper presents a data-depended method to improve the estimation accuracy.
III. PROPOSED EDF-BASED DOPPLER CENTROID ESTIMATION METHOD
To allow for large swath imaging, the antenna continuously scans the region of interest on one side of the flight path or the VOLUME 7, 2019 FIGURE 2. Typical DBS imaging mode of an airborne radar in [1] .
other, or both. For example, Fig.2 illustrates the typical scanning mode of an airborne radar provided by George W.S. [1] , and its scanning scope covers the range from −θ 1 to θ 2 in azimuth. For this reason, the scanning scope will inevitably cover the on-route direction.
In this section, we will show the connection of the Doppler centroid and range-Doppler distribution. Then, the reason why we use the range-Doppler distribution of forwardlooking data is illustrated according to the comparison of the distribution properties under varying SNRs. At last, the method is described in detail, and some considerations about the proposed method are given.
A. CONNECTION OF THE DOPPLER CENTROID AND RANGE-DOPPLER DISTRIBUTION
The range-Doppler distribution in this paper refers to the result obtained by transforming the echo data with Fourier transform in azimuth into range-Doppler coordinates.
For a certain target, the Doppler centroid as (3) shows can be transformed as (4) in range-Doppler domain [24] . (4) where N represents the Doppler ambiguity number, PRF denotes the pulse repetition frequency, and f base illustrates the baseband Doppler frequency. On the one hand, the Doppler ambiguity number usually estimated by roughmeasured parameters or multiple PRF technique [25] . On the other hand, the task of DoCE is converted to estimate the baseband Doppler frequency in range-Doppler domain [26] . Such as the PFE method, which estimates the baseband Doppler frequency according to confirming the frequency of peak power [13] , [14] . The EB method estimates the baseband Doppler frequency according to finding the frequency of energy balance [15] , [16] . Therefore, the characteristics of range-Doppler distributions provide different ways to estimate the Doppler centroid. In this paper, we utilize the rangeDoppler distribution feature of the forward-looking direction to estimate the baseband Doppler frequency.
B. PROPERTIES OF RANGE-DOPPLER DISTRIBUTIONS FOR DIFFERENT DIRECTIONS
In Fig.3 , the range-Doppler distributions of different directions under varying SNRs are shown. When the beam center scans the large squint-looking region as the red rectangle shows, the range-Doppler distribution within one beam is illustrated as a transitional edge under high SNR. Although the distribution seems to form an edge under high SNR, we cannot accurately determine the angle which it corresponds. Worse, the transitional edge is submerged in the background for the case of low SNR. As a contrast, when the beam center scans the forward-looking direction (0 • ) as the blue rectangle shows, the range-Doppler distribution are symmetrical, which are folded and overlapped to form a notable edge. Meanwhile, the forward-looking scatterers have the highest Doppler frequency, and no other scatterers in the range-Doppler domain are higher than the 0 • scatterers. Even under low SNR = 5 dB, from the comparison, the rangeDoppler distribution of the forward-looking direction equips more notable edge than that of the squint-looking direction.
The edge characteristic of range-Doppler distribution provides the potential to estimate the Doppler centroid under low SNR. More, such property is independent of the scene, or high resolution, or high SNR.
C. PROPOSED METHOD
In this subsection, the proposed EDF-based Doppler centroid estimation method is described in detail.
1) BINARIZATION AND MORPHOLOGICAL FILTERING
As Fig.4 shows, to acquire the whole range of range-Doppler distribution, the data is binarized at first. The range-Doppler distribution after binarization can be expressed as where S bw illustrates the range-Doppler distribution of forward-looking direction data after binarization, S denotes the range-Doppler distribution of echo data, and ostu(.) represents the threshold of binarization confirmed by the method of maximum inter-class variance [27] .
To reduce the fluctuation of the peak frequency, morphological filtering, such as eroding and dilating operations, is used to smooth the binarized edge. The process can be expressed as
where I represents the binarized data after morphological filtering. M e and M i denote dilating operator and eroding operator respectively. ⊕ and illustrate the dilating operation and eroding operation respectively.
2) EDGE DETECTION AND EDGE FREQUENCIES CALCULATION
Edge detection methods are widely used in the image and video preprocessing [28] , [29] . The methods can be used to obtain distribution edge based on the binarized data after morphological filtering. The process can be expressed as
where ∇(·) denotes the edge detection operator [29] , [30] .
[·] max illstrates to obtain the edge of the targets with the highest Doppler frequency. κ(I ) illustrates column number of the detected highest Doppler frequency targets. According to the detected edge position, the baseband centroid frequencies of forward-looking targets in different range bins can be acquired [31] . Based on the principle of FFT operation, the centroid frequency of the baseband is calculated byf
represents the baseband centroid frequency of different range bins. The difference of Doppler centroid between different range bins is caused by the change of pitch angle. N c denotes the number of frequency sampling points by the FFT operation. The Doppler centroid of the forward-looking target can be obtained using the frequencies of the detected edge, but the image contour of the target will be destroyed due to the edge fluctuation, as shown in Fig. 10(a) and Fig. 17(d) .
3) SMOOTH THE EDGE BY CURVE FITTING
At last, to maintain the image contour of the targets, the minimum mean square error (MMSE) method [32] - [34] is used to smooth the edge. Using the frequencies of the detected edge, the estimated pitch velocity ( v cos ϕ) of the forwardlooking targets at different range bins can be calculated by (3). The fitted velocityv and the initial pitch angleφ of the radar platform can be calculated using the estimated pitch velocity of the forward-looking targets at different range bins, as shown below
where
represents the distance vector of different range bins. By minimizing (9), the accurate motion parameters of the platform can be solved using the data fitting methods. Based on the estimated motion parameters, the Doppler centroids of the targets located at different azimuth directions can be calculated by (3) . Compared with the traditional Doppler centroid estimation methods, the proposed method reduces the reliance on strong scattering point targets in the scene. Meanwhile, the method can keep a stable performance even under low SNR because of the notable range-Doppler distribution edge of forwardlooking scatterers. The process flow of the proposed method is summarized in Fig.4 .
D. METHOD CONSIDERATION
Based on the proposed method above, some necessary considerations are given here.
1) RANGE-DOPPLER DISTRIBUTION SHIFT
In the forward-looking direction, the Doppler centroids of the targets are higher than the PRF typically. The range-Doppler distribution edge may be destroyed because of the cycle shift of Doppler centroid. To avoid the destruction of the edge, the range-Doppler distribution can be shifted to a period of PRF first. The shift value f dshift is usually selected by
where v and ϕ denotes the rough-measured velocity and the platform pitching angle respectively. θ max represents the maximum cross-range angle. Empirically, θ max is chosen as VOLUME 7, 2019 θ β or 2θ β , which should be within 10 • . In this way, the rangeDoppler distribution of forward-looking direction will be kept in a period of PRF.
2) SIZE OF THE MORPHOLOGICAL FILTERING OPERATOR
The style of the morphological filtering operator is various [35] . In the step one of the proposed method, to avoid the influence of special structures on the edge, in this paper, we select the all-one matrix with the dimension L × L to process the edge. However, the size of the morphological filtering operator should be considered. Using the simulation conditions in section V , the relationship between operator dimension and average estimation error is shown in Fig.5 . The average Doppler centroid errors are calculated by
where the symbols (f dc ) i , (f dc ) i represent the estimated Doppler centroid and the ideal Doppler centroid of the ith range bin respectively. We can find that when the size of the operator is small, the error of centroid estimation is unstable. With the increase of its size, the centroid estimation results tend to be stable. To take account of both operational efficiency and accuracy of centroid estimation result, a small dimension that guarantees stable centroid estimation should be applied. The size of the operator in this experiment is selected as L = 6.
IV. METHOD SIMULATION
In this section, some simulation results are given to illustrate each step of the proposed method. The system parameters are listed in Table 1 .
A. METHOD VERIFICATION
In Fig.6(a) , original scene covers the region −30 • ∼ 20 • . Fig.6(b) shows the real beam imaging result of an airborne radar. The cross-range resolution of the real beam imaging is low due to its limited antenna aperture. To compare the proposed method with the CDE method and EB method, in Fig.6 , a strong point scatterer T located at (15 • , 8 km) is set in the scene. In Fig.7 , the simulation results of each step of the proposed method are given. In this method, the echo data of the forward-looking region −θ β ∼ θ β is used to estimate the Doppler centroid frequency. The data of −30 • ∼ −θ β and θ β ∼ 20 • are applied for DBS imaging. Fig.7(a) illustrates the range-Doppler distribution of the forward-looking targets. Due to the narrow Doppler bandwidth and small gradient of forward-looking targets, the edge is more distinct than other regions. Though we can estimate the edge by peak frequency estimation (PFE) directly [13] , [14] , the target interference will cause the estimation error. Fig. 7(b) is the result of binarization. Fig. 7(c) shows the target distribution after close operation. Fig. 7(d) is the detected target distribution edge. Using the highest frequency edge of Fig. 7(d) , the Doppler centroid frequency of each range bin can be calculated, and the fluctuation of edge frequency can be reduced by fitting step as shown in Fig. 7(e) . Fig. 7(e) gives the results of centroid estimation obtained by different methods. Fig. 7(f) is an enlarged view of the red rectangular area in Fig. 7(e) .
From Fig.7 (e), we can see that the estimated Doppler centroid is sensitive to the measured motion parameters. When the measured motion parameters are inaccurate as shown in Table 1 , the MP method with rough-measured motion parameters exists large error, which will cause targets missing and degrade SNR on the DBS image. To compare the performance of the data-depended methods, in Fig.7(f) , the peak frequency of each range bin is fluctuant because of the existing noise jamming. By contrast, the proposed method can reduce the influence of Doppler centroid peak fluctuation by Morphological filtering operation, and the average estimation deviation is reduced by the fitting step. The average Doppler centroid errors estimated by different methods are listed in Table 2 .
In Table 2 , the average Doppler centroid errors of different data-dependent methods are lower than that of the MP method with errors. Quantitatively, the average Doppler centroid error caused by MP method is 251.9 Hz, and the deviation is excessive to cause a fatal effect on DBS imaging. Using the datadependent PFE method, the average Doppler centroid error is reduced to 14.1 Hz. Based on the morphological distribution information of the targets, the estimated error is further reduced to 5.2 Hz by edge detection method. In the proposed method, utilizing the relationship between the Doppler centroids at different range bins, the Doppler centroid error is further reduced to 2.3 Hz. From the simulations above, the proposed method can estimate the accurate Doppler centroid of the target using the range-Doppler distribution edge curve of the forward-looking direction, which can improve the image quality of DBS.
B. METHOD COMPARISON
In Fig.8 From Fig.8 , the CDE method is sensitive to the echo noise. When the SNR is higher than 25 dB, the three methods can keep a similar performance. When the echo SNR becomes lower than 25 dB, the performance of CDE method is deteriorated sharply. When the SNR is lower than 5 dB, the performance of EB method becomes worse gradually, and the proposed method can keep a stable performance with low SNR.
V. DBS IMAGING BASED ON THE PROPOSED METHOD
Simulations and experimental data are used for DBS to verify the performance of estimated Doppler centroid in this section.
A. DBS IMAGING WITH SIMULATION DATA
Due to the limitation of imaging mechanism, DBS imaging is only suitable for squint-looking areas. As shown in Fig.9(a) , the imaging results of sector −30 • ∼ −6 • are given as follows. Based on the simulation parameters in Table. 1, Fig. 9 shows the DBS imaging results under different centroid estimation methods. As the original imaging scene and real-beam imaging result shown in Fig. 6(a) and Fig. 6(b) , the sector of −6 • ∼ 6 • is applied to estimate the Doppler centroid. Fig. 9(a) shows the DBS imaging result using MP centroid estimation method under error-free condition. It can effectively improve the imaging resolution, but there will be measured errors in actual parameters. Fig. 9(b) shows the DBS imaging result using MP centroid estimation method under error condition. Under this condition, target loss in imaging result is severe because of the large error of Doppler centroid. Fig. 9 (c) illustrates a DBS imaging result based on the PFE centroid estimation method. Because of the peak value fluctuation of the centroid, the information loss of the target contour is severe. To reduce the influence of peak fluctuation on centroid, the morphological distribution feature of forward-looking targets is utilized. Fig. 9(d) shows the result of DBS imaging using edge detection method. The loss of contour information is alleviated. However, due to the nonsmoothness of the edge, the target contour still suffers a certain loss. Utilizing the relationship between the centroid frequencies of different ranges, the method proposed in this paper can obtain better imaging results based on the fitted edge as shown in Fig.9(e) .
To compare Fig. 9(d) and Fig. 9 (e) more meticulously, the targets in the rectangular box are enlarged and shown in Fig. 10 . We can see that the targets in Fig. 10(a) can be effectively distinguished. Due to the non-smoothness of the detected edge, however, the target contour information suffers a certain loss. Fig. 10(b) is the DBS imaging result of the method proposed in this paper. To evaluate the improvement quantitatively, the image entropy of Fig. 10(a) and (b) are 3.34 and 3.05 respectively. The image contour is completely preserved, and the contour information has important value for target classification and recognition [36] , [37] .
B. EXPERIMENTAL RESULTS BASED ON REAL DATA
In this subsection, the proposed method is testified by the experimental results based on real data. The experimental parameters are listed in Table. 3. In Fig.11 , the complete observation region of the real beam data is shown. The real Fig. 12 . The forward-looking region is a dead zone for DBS because of the symmetric Doppler spectrum. In Fig. 12(a) , parameter errors lead to incorrect Doppler filters, resulting in low SNR of DBS imaging results and severe loss of target information. In Fig. 12(b) , the resolution of DBS imaging based on the PFE method is obviously improved. However, due to the fluctuation of the peak frequency, the contour information of target scene is seriously lost. In Fig. 12(c) , the loss of contour information is alleviated, but the image resolution can be further improved. In Fig. 12(d) , because the relationship between Doppler centroid frequency and range dimension is considered, the target contour information in the scene is complete, and the targets located at large squintlooking direction can be recovered clearly using the proposed method.
Then, four different regions are selected to quantitatively compare the performance of DBS imaging results. The resolution of real beam in four different regions is relatively low. In region A, a strong scattering target is used to quantitatively verify the improvement of resolution. Regions B, C and D are used to verify the performance of the proposed method to low SNR targets, large squint-looking targets and contour targets, respectively.
1) REGION A
To quantitatively compare the enhancement of imaging resolution, the imaging results of multi-point targets in region A are given in Fig. 13 . In Fig. 13(a) , because of the low resolution of the real beam, the imaging results can not distinguish multiple point targets. Although Fig. 13(b) can apparently improve the imaging resolution of multi-point targets, it is impossible to obtain effective information from the imaging results due to Doppler centroid error. In Fig. 13(c) , the target blurring problem caused by the widening of the main lobe exists for multi-point targets. In Fig. 13(d) , the blurring of multi-point targets is controlled utilizing the centroid parameters obtained by edge detection, but the resolution is still limited. In Fig. 13(e) , the imaging resolution of multi-point targets is improved because the proposed method can obtain accurate centroid estimation results.
In Fig. 14 , the cross-range imaging profiles of multi-point targets are given to quantitatively calculate the enhancement in resolution. Obviously, the cross-range beam widths of DBS imaging based on data-depended methods are improved compared with the real beam data. Based on the proposed method, the beam width of point target P1 is increased by 1.6 times than the PFE method, and increased by 1.75 times VOLUME 7, 2019 than the edge detection method. For point target P2, the crossrange beam width can be improved by 2.0 times than the PFE method, and improved by 1.83 times than the detected edge method.
2) REGION B
Besides strong point targets, the targets of region B are compared in Fig.15 . The target echo SNR in this region is low. To testify the performance of the proposed method under low SNR condition, the image entropy of imaging results is illustrated quantitatively in Table 4 [18] . As can be seen from Table 4 , the image quality of Fig.15(c) -(e) is better than that of Fig.15(a) and Fig.15(b) , with lower image entropy. Therefore, the centroid estimation method based on data is obviously superior to the method based on the rough-measured parameters. According to the imaging result in Fig.15(e) and its image entropy, the proposed method performs better imaging quality than that of other traditional estimation methods. 
3) REGION C
To further compare the imaging performance in large squintlooking region, the DBS imaging results of region C are illustrated in Fig. 16 . From Fig. 16(a) , we can find that the cross-range resolution of real beam image is low, but ground and ravine information can be observed obviously. Because this region is located in the large squint-looking region, its imaging resolution, which is greatly affected by the accuracy of Doppler centroid, is low due to the small Doppler gradient. Therefore, in Fig. 16 (b)-(d) , the scene information is severely lost due to the Doppler centroid error. In Fig. 16 (e) , the proposed method can restore rich scene information. Table 5 gives the image entropy of imaging results in region C. As shown in Table 5 , the image entropy of Fig. 16(a) is not the worst because of the existence of certain scene texture. In Fig. 16(b) , the resolution of DBS imaging deteriorates severely due to the large error of measurement parameters, which makes it impossible to obtain effective information. The image entropy of Fig. 16(b) is worse than that of Fig. 16(c)-(e) . From Fig. 16(c) to Fig. 16(e) , image entropy is successively improved. Fig. 16 (e) has small image entropy and rich image texture. Fig. 17 shows the imaging results of region D to verify the effect of different centroid estimation methods on scene contours. Scene contour is of great value to scene segmentation and target classification [36] , [37] . In Fig. 17(a) , the scene contours cannot be obtained because of the low cross-range resolution. In Fig. 17(b) , scene information is completely lost in the imaging result based on MP method due to the large error of estimated centroid. In Fig. 17(c) -(e), using the centroid parameters estimated from the echo data, the scene contour can be recovered. In Fig. 17(c) , because of the fluctuation of peak frequency, the sawtooth effect appears on the scene edge, which is not favorable to obtain the accurate scene edge. In Fig. 17(d) , the scene contour is improved based on the estimated centroid by edge detection method, but there are still errors in the edge. In Fig. 17(e) , using the proposed method, the scene contour is smoother and clearer than the other methods mentioned above.
4) REGION D
In section IV, simulations are used to verify the performance of different centroid estimation methods. The proposed method can reduce the average Doppler centroid deviation from 251.9 Hz to 2.3 Hz with rough-measured motion parameters. DBS imaging technology is used to verify the performance of the proposed method in this section. Using the above simulations and experimental results, the centroid estimation method proposed in this paper can improve the image quality of DBS in low SNR, large squint-looking region and other scenes under the condition with measurement parameter error. The method can maintain complete image contour and obtain high imaging resolution.
VI. CONCLUSION
In this paper, a DBS method using the estimated Doppler centroid by edge detection and fitting approach is proposed.
The method utilizes the relationship between the rangeDoppler distribution edge of forward-looking targets and Doppler centroid, estimates the targets' Doppler centroids by edge detection, and reduces the error of estimated centroid by curve fitting. With this method, the resolution of DBS imaging in large squint-looking direction can be effectively improved under low SNR, and the scene contour information is kept completely in imaging mosaic when the motion parameters are measured with errors.
As can be seen from the experiments, the proposed method achieves a stable estimated result under 5 dB SNR. The average estimated error can be reduced from 251.9 Hz to 2.3 Hz, which makes the DBS technology be effective in large squintlooking region. Then, the proposed method is testified using the experimental data. VOLUME 7, 2019 
